Prenatal exposure to cocaine has been shown to induce an increase in the myocardial expression and activation of the cAMP response binding protein (CREB), a transcriptional factor that has been shown to regulate gene expression. Several different kinases, including protein kinase A, calcium calmodulin kinase II, and mitogen-activated protein kinase can induce phosphorylation of CREB at serine 133, a necessary step for CREB activation. We examined whether the mitogen-activated protein kinase-extracellular receptor kinase (ERK) pathway may be involved in mediating the serine 133 CREB phosphorylation in cardiac nuclei after perinatal cocaine exposure. Pregnant rats were treated daily with saline or cocaine at 60 mg/kg (C60) by intragastric administration during the entire gestational period, and treatment was continued in the nursing dams after delivery until the time of the study. Nuclear extracts were isolated from hearts of 1-d-and 7-d-old neonatal rats. We performed immunoblotting experiments using an antibody that recognized CREB with phosphorylation specifically at the serine 133 site and an antibody that recognized both the phosphorylated and the unphosphorylated forms of CREB, as well as antibodies for total ERK, phospho-ERK, total ribosomal S6 kinase 1 (RSK1), RSK2, and phospho-RSK. We assessed the interaction of RSK with CREB or CREB-binding protein by performing co-immunoprecipitation experiments. We found that perinatal cocaine exposure increased both phospho-ERK and phospho-RSK expression, indicative of an increased activity of these two enzymes. Furthermore, we demonstrated that phospho-RSK was immunoprecipitated with CREB in all neonatal cardiac nuclei and that the greatest interaction was found in day 7 hearts after perinatal cocaine exposure. Our results thus illustrate that the ERK-RSK pathway was active in the postnatal rat heart at 1 and 7 d of age and that this pathway may mediate the increase in myocardial CREB activation after perinatal cocaine exposure in the day 7 hearts. We have previously shown that perinatal cocaine exposure increased the expression of the phosphorylated cAMP response element binding protein (CREB), the activated form of this transcriptional factor, in the 1-d and 7-d-old neonatal rat heart. The increased expression of phospho-CREB, detected by an antibody that specifically recognized CREB that was phosphorylated at serine 133, corresponded to an increase in CRE binding activity (1). Because we found protein kinase A (PKA) activity to be greater in cocaine-exposed 1-d-old rat hearts, this pathway may be one possible mechanism for the up-regulation in phospho-CREB expression at day 1 (1). In contrast, there was no change in PKA activity in cocaine-exposed neonatal rat hearts at day 7. Therefore, we concluded that non-PKAdependent pathways must also be involved in the phosphorylation of CREB in the neonatal rat heart after perinatal cocaine exposure, particularly at day 7.
We have previously shown that perinatal cocaine exposure increased the expression of the phosphorylated cAMP response element binding protein (CREB), the activated form of this transcriptional factor, in the 1-d and 7-d-old neonatal rat heart. The increased expression of phospho-CREB, detected by an antibody that specifically recognized CREB that was phosphorylated at serine 133, corresponded to an increase in CRE binding activity (1) . Because we found protein kinase A (PKA) activity to be greater in cocaine-exposed 1-d-old rat hearts, this pathway may be one possible mechanism for the up-regulation in phospho-CREB expression at day 1 (1) . In contrast, there was no change in PKA activity in cocaine-exposed neonatal rat hearts at day 7. Therefore, we concluded that non-PKAdependent pathways must also be involved in the phosphorylation of CREB in the neonatal rat heart after perinatal cocaine exposure, particularly at day 7.
Mitogen-activated protein kinase (MAPK) is one of the signaling pathways that has been shown to mediate serine 133 phosphorylation in cell lines and neuronal tissues (2) (3) (4) (5) (6) . Members of the MAPK family include extracellular receptor kinases (ERK1 and ERK2), p38 MAPK and Jun kinases. A substrate of ERK is the family of p90 ribosomal S6 kinase (RSK), which comprises three isoforms, RSK1, RSK2, and RSK3 (7, 8) . In response to growth factor stimulation, CREB phosphorylation at serine 133 was shown to occur via coupling of ERK and nuclear p90 RSK in vascular smooth muscles (9) . CREB activation via the MAPK pathway in response to nerve growth factor and epidermal growth factor stimulation has been shown to involve RSK2 as the CREB kinase (10) . In isolated cardiomyocytes, stimulation of the MAPK/RSK pathway, including Raf-1, MAPKs, and p90 rsk , led to the activation of ATF-2 and induction of jun-B mRNA (11) (12) (13) . Whereas ERK/RSK signaling pathway seems to be functional in cardiomyocytes, the precise role of the ERK-RSK signaling pathway in CREB phosphorylation in cardiac tissues has not been studied. In the present study, we sought to determine whether the ERK-RSK pathway might be involved in CREB phosphorylation in neonatal rat hearts after perinatal cocaine exposure.
METHODS

Materials and reagents. ERK2 (C-14)
, phospho-Y204 ERK (E4), phospho-RSK, RSK1 (C21), and RSK2 (C19) specific antibodies were obtained form Santa Cruz Biotechnologies. CREB and phospho-S133 CREB antibodies were obtained from Cell Signaling Technologies.
Animal model. Studies were approved by the Institutional Animal Care and Use Committee at the College of Physicians and Surgeons of Columbia University. Timed-pregnant (gestational day 0 -1) female Sprague-Dawley rats that were 90 -110 d of age were purchased and housed individually in a temperature/humidity-controlled room on a 12/12-h light/dark cycle with ad libitum access to Purina laboratory rodent chow and drinking water. Upon arrival in our animal care facility, these rats were weighed, then transferred to a maternal cage within the first 24 h. Weights were obtained on days 7, 14, and 21 of gestation.
Saline (control) and cocaine at 60 mg/kg (C60) in equal volume was given once a day beginning on gestational day 2 until birth by intragastric administration. These doses and the intragastric route of administration have been documented to simulate the plasma and tissue concentrations achieved in the human abusers. After parturition, postpartum cocaine-treated mothers continued to receive cocaine as before until postpartum day 7. Neonatal animals remained with their biologic mothers and were nursed by them. Animals were killed on day 1 or day 7 of postnatal life. Animals that were used for the experiments at day 1 and day 7 were obtained from a minimum of four litters in all experiments. Tissues from animals were harvested from different litters for each individual experiment.
Tissue preparation and fractionation. Neonatal rat ventricles were isolated and either immediately frozen in liquid nitrogen for storage or homogenized on ice using Dounce homogenizer in ice-cold Buffer A (10 mM of HEPES, 10 mM of KCl, 1.5 mM of MgCl 2 , 1% ␤-Mercaptoethanol, 20% glycerol, and Roche Biochemicals protease inhibitor cocktail). Homogenate was spun at 10,000 ϫ g for 5 min at 4°C. The supernatant was saved as nonnuclear fraction. The pellet was resuspended in 10 volumes of ice cold Buffer A. Suspension was centrifuged again, and the supernatant was discarded. The pellet was resuspended in 3 volumes of ice-cold Buffer B (20 mM of HEPES, 1.5 mM of MgCl 2 , 1% ␤-Mercaptoethanol, 25% glycerol, 2 mM of EDTA, 0.5 M of NaCl, 0.1% Triton X-100, and Roche Biochemicals protease inhibitor cocktail). Buffer B suspension was incubated on ice for 30 min with occasional mixing then centrifuged at 15,000 rpm in a tabletop Microfuge for 15 min at 4°C. The nuclear protein-enriched supernatant was collected for Western blot analysis. The integrity of both nuclear and nonnuclear extracts was assessed by Western blot analysis. Nuclear fractions were enriched for histone compared with crude total heart lysates. In nonnuclear fractions, histone was absent. The histone-positive nuclear fractions were used in subsequent studies (1) .
Western blots. Nuclear and nonnuclear fractions were diluted 1:1 in Laemlli's loading buffer. Diluted samples were heat denatured. Samples with equivalent protein, as determined by Bradford's assay, were loaded onto Invitrogen Xcell SDS-PAGE/Western blotting module. Proteins were resolved on either a 10% or a 4 -20% gradient. Proteins were transferred to polyvinylidene diflouride membrane (Bio-Rad) at 20 V, either overnight at 4°C or for 2 h at room temperature. Membranes were briefly washed in PBS-Tween (1ϫ PBS, 0.1% Tween 20) then blocked for 1 h in 5% nonfat milk/PBS-Tween at room temperature. Membranes were then incubated overnight at 4°C in primary antibody diluted in 1% nonfat milk/PBS-Tween as previously described. The next day, membranes were washed 3 ϫ 10 min in PBS-Tween. Membranes were then incubated for 1 h at room temperature, in secondary antibody-horseradish peroxidase conjugate diluted in 1% nonfat milk/PBS-Tween. Membranes were then washed three times as before. Proteins were visualized by chemiluminescence using Amersham ECLPlus reagent according to the manufacturer's instructions.
Immunoprecipitation. All reagents for these reactions were maintained at or below 4°C. A total of 200 g of nuclear protein was incubated with anti-CREB or anti-CREB-binding protein (anti-CBP) antibody and IP buffer (20 mM HEPES, 1 mM EDTA, 0.2% NP-100, 100 g/mL BSA, and Roche Biochemicals protease inhibitor cocktail). Reactions were allowed to proceed overnight at 4°C. The next day, 50 L of protein A/G-agarose suspension was added to immunoreactions. These reactions were allowed to proceed for 1 h at 4°C. After 1 h, protein A/G-agarose beads were spun at 10,000 ϫ g for 15 s. Beads were then washed three times in 1 mL of ice-cold PBS/1%Tween. After final wash, supernatant was removed, pellets were spun again, and residual fluid was removed. Pellets were then resuspended and boiled in SDS loading buffer. Equivalent volumes of samples were then loaded onto 10% SDS polyacrylamide gel for Western blot analysis using an anti-RSK1, anti-RSK2, or anti-pRSK antibody.
Data analysis. All data presented are based on analysis performed in nuclear fractions. Differences within each age between control and cocaine-treated groups were analyzed by unpaired t test because there were only two groups. We used ANOVA to determine differences between day 1 and day 7 within each treatment group. We estimated a sample size of five on the basis of power that used an ␣ value of 0.05 and a power of 0.8 to detect a 25% difference between groups. Results were deemed statistically significant at p Ͻ 0.05.
SUN AND QUAMINA
RESULTS
A representative blot of histone immunoblot in neonatal hearts from day 1 and day 7 neonatal rats is shown to document the successful separation of nuclear and nonnuclear fractions ( Fig. 1) . Histone is used because it is a nuclear-specific protein. Figure 1 further illustrates the equivalent loading of nuclear proteins from all of the samples in question.
Perinatal cocaine exposure and ERK activation in the neonatal rat heart. In neonatal rat hearts, we investigated whether MAPK pathway may be differentially activated after perinatal cocaine exposure. In the day 1 and day 7 rat hearts, immunodetectable unphosphorylated ERK 42 and ERK 44 were present in both the nuclear and nonnuclear fractions ( Fig.  2A ). There were no apparent differences between saline (control) and cocaine-exposed (C60) neonatal hearts with respect to the abundance of nuclear ERK 42 or ERK 44 at day 1 or day 7, but cocaine exposure induced an increase in nonnuclear ERK 42 and ERK 44 at day 7 and ERK 44 at day 1. Using a phospho-specific antibody that recognized ERK phosphorylated at tyrosine 204 (P-ERK), we found phospho-ERK expression to be present in both nuclear and cytosolic fractions. However, only nuclear phospho-ERK expression seemed to be significantly increased in cocaine-exposed day 1 and day 7 hearts (Fig. 2B and C) . Moreover, nuclear p-ERK 42 was much more prominent than p-ERK 44 in both day 1 and day 7 hearts. Using phospho-ERK expression as a means to assess ERK activation, our findings are consistent with the idea that perinatal cocaine exposure was associated with enhanced ERK activation in the neonatal heart. Although there was a significant increase in ERK activation in both day 1 and day 7 hearts, the enhanced ERK activation was much greater in day 7 hearts (107 Ϯ 23.5 and 118 Ϯ 36% above control for pERK42 and pERK44, respectively) than in day 1 hearts (51 Ϯ 26 and 45 Ϯ 17% above control for pERK42 and pERK44, respectively).
RSK localization and activation. One of the downstream effectors of the ERK signaling cascade is the p90 RSK. After translocation of RSK from the cytoplasm into the nucleus, it becomes activated via phosphorylation by the extracellular signal-regulated kinases and thereby acts to effect specific changes in gene expression, cell-cycle regulation, and protein synthesis regulation. In the neonatal heart, both RSK1 and RSK2 are detectable in nuclear and nonnuclear fractions (Fig.  3) , with the great majority of both RSK1 and RSK2 being present in the nonnuclear fraction. Although little difference was evident in nuclear RSK2 between saline (control) and cocaine-exposed (C60) neonatal hearts at both ages, nuclear RSK1 was significantly greater in C60 hearts at day 1 compared with any of the other groups (Fig. 2) . Using a phosphospecific antibody directed against RSK that is phosphorylated at serine 380 , phospho-RSK expression was greatly enhanced by perinatal cocaine exposure in both day 1 and day 7 hearts (Fig.  4) . In the nonnuclear fraction, an additional prominent upper band was observed in both control and C60 at both ages. This band could represent RSK phosphorylation at other sites.
Cocaine-induced changes in protein association. To investigate further the relationship between the increased ERK/RSK activity and up-regulation in phospho-CREB expression in response to perinatal cocaine exposure, we performed immunoprecipitation experiments to examine the association of RSK and CREB in the neonatal myocardial tissues. Neonatal rat cardiac nuclear extracts were first immunoprecipitated with an anti-CREB antibody, then subjected to immunoblotting with p-RSK-, RSK1-, or RSK2-specific antibodies. An increased pRSK expression was seen in the CREB-immunoprecipitated cardiac nuclei isolated from cocaine-exposed animals at day 7 In day 1 and day 7 neonatal rats, immunodetectable p42 ERK and p44 ERK were comparable in nuclear fractions for both CTL and C60 animals. At day 1, nonnuclear myocardial ERK 42 was comparable between CTL and C60, but ERK 44 was greater in C60 than in CTL. At day 7, nonnuclear ERK 42 and ERK 44 both were greater in C60 than in CTL (n ϭ 5 for all groups). (B) A representative immunoblot of phospho-ERK 42 and phospho-ERK 44 in day 1 and day 7 rat hearts is shown. Phospho-ERK 42 was much more prominent than phospho-ERK 44. At both day 1 and day 7, there was a greater abundance of immunodetectable nuclear phospho-ERK 44 and phospho-ERK 42 in C60 than in CTL. No difference in phospho-ERK was detectable between CTL and C60 in the nonnuclear fraction at either day 1 or day 7 (n ϭ 5 for all groups). (C) ERK 42 and ERK 44 activity assessed by the amount of immunodetectable phospho-ERK 42 and phospho-ERK 44, respectively, was significantly higher in C60 rats compared with CTL rats at day 1 and day 7 (n ϭ 5 for all groups). *p Ͻ 0.05 vs age-matched CTL.
(n ϭ 5 p Ͻ 0.05; Fig. 5 ) but not at day 1 (n ϭ 5; Fig. 4) . Our results thus suggest that there was an increase in CREB-pRSK interaction at day 7 after perinatal cocaine exposure, consistent with the ERK-RSK pathway playing a role in mediating the increase in phosphorylation of CREB observed. We were able to demonstrate that both RSK1 and RSK2 were coimmunoprecipitated with CREB in the day 1 and day 7 cardiac nuclear extracts, but there were no detectable differences in RSK1-CREB or RSK2-CREB interaction between control and cocaine-treated animals at either age (data not shown). These results suggest that whereas RSK-CREB interaction probably involves both RSK1 and RSK2, the increase in pRSK-CREB interaction cannot be attributed to changes in the total amount of either isoform of RSK that is bound to CREB. Because CBP, a coactivator of CREB binding, has been shown to modulate RSK-CREB interaction negatively, we also performed immunoprecipitation experiments to examine whether perinatal cocaine exposure influenced the interaction between RSK and CBP. CBP-immunoprecipitated cardiac nuclei were subjected to immunoblotting with RSK1 or RSK2 antibodies. There were no differences detected between control and cocaine-treated animals at either age (data not shown). These results support the idea that cocaine-induced changes in CREB activation was not the result of an indirect modulation by CBP via RSK interaction. Furthermore, these findings are consistent with a direct role for the MAPK-RSK pathway in the activation of CREB.
DISCUSSION
The major findings of our study are as follows: 1) there was a concomitant increase in both phospho-CREB expression and the activity of the ERK-RSK signaling pathway in the neonatal rat heart after perinatal cocaine exposure, and 2) we demonstrated that there was an interaction between RSK and CREB in the neonatal rat heart. Taken together, these results indicate that the ERK-RSK signaling pathway may mediate CREB phosphorylation in the neonatal rat heart.
Neurotransmitters, growth factors, and hormones induce CREB activation through serine 133 phosphorylation, which can be mediated via cAMP/calcium-dependent kinase signaling pathways (14) . They include 1) cAMP-dependent PKA (15), 2) protein kinase C (16), 3) calcium-calmodulin kinase II and IV (17, 18) , 4) MAPK ERK-activated p90RSK (19, 20) , 5) p38 MAPK-activated protein kinase 2 (20 -23), and 6) PI-3 kinase activated Akt/PKB (24) . Most of the studies examining signal transudation pathways for CREB phosphorylation have been performed in cells in vitro (14, 25) . PKA-mediated CREB phosphorylation is the most predominant mechanism, but many studies have also documented that MAPK signaling pathway can play a role in the activation of CREB (15, 22, 26) . In oligodendrocytes, Ca-dependent activation of MAPK pathway induces serine 133 CREB phosphorylation (27) . In vascular smooth muscle cells, activation of ERK-RSK has been shown to induce CREB phosphorylation (28) . In response to growth factor stimulation, the CREB kinase activated by the RAS-MAPK pathway was found to be RSK2 (10) . RSK has also been identified as the probable CREB serine 133 kinase in Figure 3 . The graph illustrates the amount of immunodetectable nuclear RSK1 and RSK2 for day 1 (D1) and day 7 (D7) neonatal rats with perinatal exposure to cocaine (C60) or saline (CTL). RSK1 was significantly greater in D1 C60 than in D1 CTL but was comparable at D7. RSK2 was similar between CTL and C60 for both D1 and D7. The immunoblot is a representative gel illustrating these results. In addition, the amount of immunodetectable nonnuclear RSK1 and RSK2 is shown. *p Ͻ 0.05 vs age-matched CTL. (10, 29) . A functional MAPK-RSK pathway has been shown to exist in cardiomyocytes under a variety of conditions (11) (12) (13) 30) . Activation of the ERK-RSK pathway has been documented in neonatal cardiomyocytes after stimulation by arginine vasopressin (AVP) (13) and vascular endothelial growth factors (12) . The downstream effector activated by the ERK-RSK signaling pathway in cardiomyocytes, however, was not specifically examined. Whether this signaling pathway might play a role in the activation of CREB has not been determined.
In the present study, we demonstrated that perinatal exposure to cocaine stimulated phosphorylation and activation of the MAPK ERK signaling pathway. We further demonstrated that perinatal cocaine exposure was associated with an increase in activation and phosphorylation of RSK, suggesting that the ERK-RSK signaling pathway was up-regulated in neonatal hearts after cocaine exposure. An increase in ERK activity has been shown to increase phospho-RSK expression. Upon activation, ERK associates with RSK to induce phosphorylation at serine 369 and tyrosine 570 , two sites found in the C terminus kinase domain of the RSK protein (7, 8) . This leads to the removal of inhibition of RSK autophosphorylation at the C terminus. Autophosphorylation then proceeds at multiple sites at the C terminus and the N terminus kinase domains, which eventually leads to the full activation of RSK. Phospho-RSK expression can also be modified secondary to changes in the total amount of nuclear RSK available for phosphorylation. We determined the effect of perinatal cocaine exposure on the total amount of the two isoforms of RSK in the nucleus and the cytosol. Cocaine did not affect the expression of nuclear or cytosolic RSK2, the isoform shown to be the CREB kinase that mediates CREB phosphorylation in response to growth factor stimulation. In contrast, both nuclear localization of RSK1 and cytosolic fraction of RSK1 were increased at day 1 but not at day 7 in the cocaine-exposed hearts. Therefore, the cocaineinduced increase in phospho-RSK expression at day 1 may be due to an increase in phosphorylation of the RSK1 isoform. It has been reported that RSK1 but not RSK2 expression is developmentally regulated in the heart, with a 50% postnatal decrease in RSK1 expression by 50 d of age (31) . Therefore, in the present study, the increase in phospho-RSK at day 1 might be attributable to the relatively greater abundance of RSK1 isoform immediately after birth at day 1. RSK phosphorylation may also increase or decrease as result of changes in the recruitment of RSK to CBP (7, 32) . Persistent ERK activation has been shown to decrease CREB activity (i.e. decreased phospho-CREB expression) via an increase in CBP-RSK association, resulting in hypophosphorylation of RSK (33) . The converse situation of hyperphosphorylation of RSK in the face of decreased CBP-RSK association has not been documented. However, a possible alternative mechanism for the increased phospho-CREB expression in our model might occur via reduced CBP-RSK interaction, leading to an increase in RSK phosphorylation. This explanation was unlikely because our results did not show any difference in CBP-RSK association between cocaine and control hearts. Therefore, the increase in phospho-RSK expression was most likely due to a direct effect of enhanced ERK activity and an increase in total nuclear RSK1 in the case of day 1 hearts. Our study used a phospho-RSK antibody that specifically recognized phosphorylation at the extreme C terminus serine site, but it did not distinguish among the three different isoforms of RSK. We chose to examine only RSK1 and RSK2 because RSK3 activity has been shown to not be unaffected by in vitro incubation with ERK1 or ERK2 (8) . The increase in phospho-RSK expression in our study may be due to a concomitant increase in phosphorylation of both RSK1 and RSK2 isoforms or of only one isoform. In both day 1 and day 7 hearts, cocaine exposure did not increase RSK2 expression but significantly increased the nuclear and nonnuclear expression of RSK1 at day 1. It is tempting to speculate that the up-regulation in phospho-RSK observed in our study may reflect a selective increase in phosphorylation of the RSK1 isoform in day 1 hearts but may be less isoform specific in day 7 hearts.
We also demonstrated that phospho-RSK can be coimmunoprecipitated with CREB in both control and cocaineexposed hearts, thus confirming a direct interaction of phospho-RSK and CREB. The interaction between phospho-RSK and CREB, however, was significantly augmented only in hearts from day 7 animals after perinatal cocaine exposure. We did not find any difference in RSK1-CREB or RSK2-CREB Figure 5 . Neonatal rat cardiac nuclei were immunoprecipitated with an anti-CREB antibody and then subjected to immunoblotting with an antibody specific for phospho-RSK. There was a demonstrable CREB-phospho-RSK association in all groups. There was no difference in CREB-phospho-RSK association between CTL and C60 rats at D1 (n ϭ 5). In contrast, CREBphospho-RSK association was much greater in C60 than in CTL cardiac nuclei at D7 (n ϭ 5). A representative immunoblot is shown. *p Ͻ 0.05 vs age-matched CTL.
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PERINATAL COCAINE EXPOSURE, MAPK, AND CREB interaction in control or cocaine hearts at either age. These results are consistent with the idea that the up-regulation in phospho-CREB expression was mediated via direct phosphorylation of serine 133 by phospho-RSK, the activated form of RSK.
We have previously shown that PKA activity was enhanced in the day 1 neonatal hearts with prenatal cocaine exposure, but the up-regulation in PKA activity was not evident in day 7 hearts (1). We have now investigated whether the MAPK/RSK signaling pathway may be involved in the phosphorylation of CREB in the neonatal heart. Our results indicate that this pathway may play an important role in increasing CREB activation in the neonatal rat heart, in the context of perinatal cocaine exposure. Whereas cocaine exposure stimulated both PKA and MAPK/RSK pathway at day 1, there was no evidence that phospho-RSK-CREB association was different between cocaine and control hearts. In response to perinatal cocaine exposure, there was a more robust ERK activation and CREBpRSK interaction at day 7. Taken together, these results suggest that PKA may be more predominant at day 1 and MAPK/ RSK may be more significant at day 7 in increasing myocardial CREB activity after cocaine exposure. Earlier studies indicated that there may be differences in CREB activity depending on the specific signaling pathway used to induce CREB phosphorylation. Target gene activation may be discriminated on the basis of the kinase signaling pathway inducing CREB phosphorylation (14, 34) . At the promoter level, PKA-mediated CREB phosphorylation can activate target genes via a single CRE consensus region. MAPK-mediated CREB phosphorylation, however, required additional co-factors to induce gene activation. The distinct signaling pathways involved in CREB activation in the neonatal heart at 1 and 7 days of age may therefore lead to an age-specific induction of different genes.
